EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) 





CERN-PH-EP-201 2-098 
Submitted to: Physical Review Letters 



Search for supersymmetry in events with three leptons and 
missing transverse momentum in = 7TeV pp collisions 

with the ATLAS detector 



The ATLAS Collaboration 



Abstract 



A searcli for tine weak production of charginos and neutralinos decaying to a final state with 
three leptons (electrons or muons) and missing transverse momentum is presented. The analysis 
uses 2.06 fb^ of ^ = 7TeV proton-proton collision data delivered by the Large Hadron Collider and 
recorded with the ATLAS detector. Observations are consistent with standard model expectations 
in two signal regions that are either depleted or enriched in Z-boson decays. Upper limits at 95% 
confidence level are set in R-parity conserving phenomenological minimal supersymmetric and sim- 
plified models. For the simplified models, degenerate lightest chargino and next-to-lightest neutralino 
masses up to 300 GeV are excluded for mass differences from the lightest neutralino up to 300 GeV. 
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Supersymmetric (SUSY) extensions [1H3 of the stan- 
dard model (SM) naturally address the gauge hierarchy 
problem [l0l - [l2| by postulating the existence of SUSY 
particles, or "sparticles" , with spin differing by one- 
half unit with respect to that of their SM partner. If 
R-parity 13l4l7| is conserved, sparticles can only be 



pair-produced and will eventually decay into SM par- 
ticles and the lightest SUSY particle (LSP) which is 
stable. Charginos [xt ^ i = 1,2) and neutrahnos (Xj, 
j = 1,2,3,4) are the mass eigenstates formed from the 
linear superposition of the SUSY partners of the Higgs 
and electroweak gauge bosons. These are the higgsinos, 
and the winos, zino, and bino, collectively known as gaug- 
inos. Naturalness requires Xi and Xj (and third gener- 
ation sparticles) to have masses in the hundreds of GeV 
range [l8|. In scenarios where first and second genera- 
tion sfermion masses are larger than few TeVs, the direct 
production of weak gauginos may be the dominant SUSY 
process at the Large Hadron Colhder (LHC). 

Leptonic decays of charginos include sneutrinos (t'^^), 
sleptons (i^iy) or W bosons (W^^'-*^x?), while those of 
unstable neutralinos include sleptons {££^) or Z bosons 
(Z(*)xi). When both gauginos decay leptonically, a dis- 
tinctive signature with three leptons and significant miss- 
ing transverse momentum can be observed, the latter 
originating from the two undetected LSPs and the neu- 
trinos. 

This letter presents the first search with the ATLAS 
detector for the weak production of charginos and neu- 
tralinos decaying to a final state with three leptons (elec- 
trons or muons) and missing transverse momentum. The 
analysis is based on 2.06 fb~^ of proton-proton collision 
data delivered by the LHC at a center-of-mass energy 
— 7 TeV between March and August 2011. The search 
significantly extends the current mass limits on charginos 
and neutralinos |19t - l22l] and yields sensitivity in the mass 
region preferred by naturalness. 

In this analysis, observations are interpreted in the 
phenomenological minimal supersymmetric SM (pMSSM 



23|) and in simplified models [24|. In the pMSSM the 
masses of the Xi and X^ depend on the gaugino masses 
Ml and A/2, the Higgs mass parameter \fj,\, and tan/3, 
the ratio of the expectation values of the two Higgs dou- 
blets. The masses of the gluinos, squarks and left-handed 
sleptons are chosen to be larger than 1 TeV, while the 
right-handed sleptons (including third-generation ones) 
are assumed to be degenerate with = (m^o +m^o)/2. 
In these scenarios, decays to sleptons are favored. In 
the simplified models, the masses of the relevant par- 
ticles (mass degenerate wino-like Xi^ and bino-like 
Xi', v\ £l) are the only free parameters of the the- 
ory. The Xi X2 produced via the s-channel 
exchange of a virtual gauge boson and decay via left- 
handed sleptons, including staus, and sneutrinos of mass 
mc, — m^^ = (^x? ~^ '^x^ )l'^) with a branching ratio of 
50% each. 



ATLAS |25l| is a multipurpose particle detector with 
forward-backward symmetric cylindrical geometry. It in- 
cludes an inner tracker (ID) immersed in a 2 T mag- 
netic field providing precision tracking of charged par- 
ticles for pseudorapidities |ry| < 2.5 26]. Calorimeter sys- 
tems with either liquid argon or scintillating tiles as 
the active media provide energy measurements over the 
range \rj\ < 4.9. The muon detectors outside the calorime- 
ters are contained in a toroidal magnetic field produced 
by air-core superconducting magnets with field integrals 
varying from 1 to 8 T-m. They provide trigger and high- 
precision tracking capabilities for \ri\ < 2.4 and \ri\ < 2.7, 
respectively. Electrons must satisfy tight identification 
criteria and fulfil \r]\ < 2.47 and Et > 10 GeV, where |?7| 
and Et are determined from the calibrated clustered en- 
ergy deposits in the electromagnetic calorimeter matched 
to an ID track. Muons are reconstructed by combining 
tracks in the ID and tracks in the muon spectrometer 27 1 . 
Reconstructed muons are considered as candidates if they 
have transverse momentum px > 10 GeV, jryj < 2.4, and 
transverse impact parameter with respect to the primary 
vertex |do| < 0.2 mm. "Tagged" leptons are electrons and 
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muons, well separated from each other and from candi- 
date jets. "Signal" leptons are tagged leptons for which 
the scalar sum of the tracks' transverse momenta within 
AR= a/(A(/))2 + (A77)2 < 0.2 around the lepton candi- 
date is less than 10% of the Et for electrons, and less 
than 1.8 GeV for muons. Jets are reconstructed from 
clustered energy deposits calibrated at the electromag- 
netic scale using the anti-fct algorithm [28| with a radius 
parameter of 0.4. The jet energy is corrected to account 
for the non-compensating nature of the calorimeter us- 
ing correction factors obtained from Monte Carlo (MC) 
simulation and parameterized as a function of the jet 
E'Y and tj [2§|. Jets considered in this analysis have 
i?T>20GeV and j??! < 2.8. Jets are identified as con- 
taining a 5-quark, and thus called "6-tagged", using a 
multivariate technique based on quantities such as the 
impact parameter of the tracks associated to the sec- 
ondary vertex, tracks in jet and other jet shape infor- 
mation, consistent with the expected topology of 6-quark 
decays. The 5-tagging algorithm (s^l correctly identifies 
6-quark jets in top decays with an efficiency of 60% and 
misidentifies jets containing light fiavor quarks and glu- 
ons with a rate of < 1%, for jets with jryj < 2.5 and jet 
i?T > 20 GeV. The missing transverse momentum, E!^^^^, 
is the magnitude of the vector sum of the transverse mo- 
mentum or transverse energy of all > 10 GeV muons, 
Et > 10 GeV electrons, Et > 20 GeV jets, and calibrated 
calorimeter clusters with \ri\ < 4.5 not associated to these 
objects [31 1 . 

Several MC generators are used to simulate SM 
processes and SUSY signals relevant for this analy- 
sis. HERWIG ^] is used to simulate dibosoii pro- 
cesses (WW^*\ ZZ'^*\WZ^*^), while MadGraEh [13 is 
used for the ttW^*'> /Z^*'> processes. MCONLO [sl is cho- 
sen for the simulation of sin gle and pair production 
of top quarks, while ALPGEN [35| is used to simulate 
]4/(*)/^(*)_(_jets. Expected diboson yields are normal- 
ized using next-to-leading order (NLO) QCD predic- 



371 . The top-quark pair- 



tions obtained with MCFM [3 
production contribution is normalized to approximate 
next-to-next-to-leading (NNLO) order calculations 



and the ttW^^Z'-*^ contributions are normalized to 

m and 



NLO results [391 . The QCD NNLO FEWZ [4C 
MCFM cross-sections are used for NNLO normalization 
of the Z-|-light-flavor jets and ^-|-heavy-flavor jets pro- 
cesses, respectively. The choice of the parton distribu- 
tion functions (PDFs) depends on the generator. MRST 
2007 LO* ^ sets are used for HERWIG, CTEQ6L1 ^ with 
MadGraph and ALPGEN, and CTEQ6.6 [44] with MCONLO. 
The pMSSM and simplified model samples are produced 
with HERWIG and HERWIG++ [H], respectively, and the 
yields are normalized to the NLO cross-sections obtained 
from PROSPINO 4^ using the PDF set CTEq6.6 with 
the renormalization/factorization scales set to the aver- 
age of the relevant gaugino masses. Fragmentation and 
hadronization for the ALPGEN and MCONLO (MadGraph) 



samples are performed with HERWIG (PYTHIA [47|). For 
all MC samples, the propagation of particles through the 
ATLAS detector is modeled using GEANT4 [ii,!!^!. The 
effect of multiple proton-proton collisions from the same 
or different bunch crossings is incorporated into the simu- 
lation by overlaying additional minimum bias events onto 
hard scatter events using JIMMY [H^l- Simulated events 
are weighted to match the distribution of the mean num- 
ber of interactions per bunch crossing observed in data. 

The data sample was collected with a single-muon 
trigger (pT>18GeV) or a single-electron trigger (i?T>20 
or 22 GeV, depending on the instantaneous luminosity) . 
At least one signal lepton is required to have triggered 
the event and have pt (Et) above 20 GeV (25 GeV) for 
muons (electrons). Events recorded during normal run- 
ning conditions are analyzed if at least one of the re- 
constructed primary vertices has more than four tracks 
associated to it. Events containing jets with \n\ <4.9 
and failing the quality criteria described in Ref. [29] are 
rejected to suppress both coUisional and non-collisional 
background. Selected events must contain exactly three 
signal leptons. As leptonic decays of yield same-flavor 
opposite-sign (SFOS) lepton pairs, the presence of at 
least one such pair is required. The invariant mass of 
any SFOS lepton pair must be above 20 GeV to suppress 
background from low mass resonances and the missing 
transverse momentum must satisfy E^^^^ > 50 GeV. 

Two signal regions are then defined: a "Z-depleted" 
region (SRI), with no SFOS pairs having invariant mass 
within 10 GeV of the nominal .Z-boson mass; and a 
"Z-enriched" one (SR2), where at least one SFOS pair 
has an invariant mass within 10 GeV of the Z-boson 
mass. Events in SRI are further required to contain 
no 6-tagged jets to suppress contributions from &-jet-rich 
backgrounds, where a fake lepton could originate from a 
heavy-flavor decay. The SRI and SR2 selections target 
SUSY events with intermediate slepton or on-mass-shell 
Z-boson decays, respectively. 

Several SM processes contribute to the background in 
SRI and SR2. A background process is considered "ir- 
reducible" if it leads to events with three real and iso- 
lated leptons, referred to as "real" leptons below. These 
include diboson (WZ^*'> and ZZ^*^) and ttW/Z^*'> pro- 
duction, where the gauge boson may be produced off- 
mass-shell. Their contribution is determined using the 
corresponding MC samples , for which lepton and jet se- 
lection efficiencies are corrected to account for differences 
with respect to data. A "reducible" process has at least 
one "fake" object, that is either a lepton from a semilep- 
tonic decay of a heavy-flavor quark or an electron from 
an isolated photon conversion. The contribution from 
misidentified light-flavor quarks is negligible. The re- 
ducible background includes single- and pair-production 
of top-quark and WW^*^ or W'^*^ /Z<^*^ produced m asso- 
ciation with jets or photons. The dominant component is 
the production of top quarks, with a contribution of 1% 
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or less from Z^*^+}ets production. The reducible back- 
ground is estimated using a "matrix method" similar to 
that described in Ref. |5l| . 

In this implementation of the matrix method, the sig- 
nal lepton with the highest or Et is taken to be real, 
which is a valid assumption in 99% of the cases, based on 
MC studies. The number of observed events with one or 
two fakes is then extracted from a system of linear equa- 
tions linking the number of events with two additional 
signal or tagged candidates to the number of events with 
two additional candidates that are either real or fake. 
The coefhcients of the linear equations are functions of 
the real lepton identification efficiencies and of the fake 
object misidentification probabilities. The identification 
efficiency is measured in data using lepton candidates 
from Z ^ II decays. 

Misidentification probabilities for each fake type 
(heavy flavor, conversion) and for each reducible back- 
ground process are obtained using simulated events with 
one signal and two tagged leptons. These misidentifica- 
tion probabilities are then corrected using the ratio (fake 
scale factor) of the misidentification probability in data 
and that in MC simulation obtained in dedicated control 
samples. For heavy fiavor fakes, the correction factor is 
measured in hh events, while for conversion fakes it is de- 
termined in a sample of photons radiated from a muon 
in Z — !■ /i/i decays. A weighted average misidentication 
probability is then calculated by weighting the corrected 
type- and process-dependent misidentification probabili- 
ties according to the process cross-section. 

An additional source of background is due to events 
with two signal leptons and one virtual photon converting 
into two muons, one with px above 10 GeV. The contri- 
bution from events in which both muons from the virtual 
photons have px above 10 GeV is negligible due to the re- 
quirement on the dilepton pair invariant mass. For events 
with only one muon above threshold, an upper limit of 
0.5 ± 0.5 in SRI and of 0.7 ± 0.7 in SR2 is obtained from 
data as follows. The number of observed events with ex- 
actly two signal leptons and E^^^^ > 50 GeV is rescaled 
by the probability that any of the signal leptons could 
have radiated the converted photon. This probability is 
measured in events with E^'^^^ < 50 GeV as the ratio of 
number of events with three signal muons with trilep- 
ton invariant mass within 10 GeV of the nominal Z bo- 
son mass to the number of events with two signal muons 
having the dilepton mass in the same mass window. 

The matrix method has been tested using MC events 
and shown to be accurate within 2%. The background 
predictions have been validated in a region dominated 
by Z(*)+jets production (VRl: three signal leptons, 
30< E!^^^^ < 50 GeV) and in one dominated by top pair- 
production (VR2: three signal leptons, SFOS lepton 
pairs vetoed, E!^^^^ > 50 GeV) . The data and predictions 
are in agreement within the quoted statistical and sys- 
tematic uncertainties as shown in Table ID 



Several sources of systematic uncertainty are consid- 
ered in the signal regions. The systematic uncertain- 
ties affecting the MC based estimates (irreducible back- 
ground yield, misidentification probabilities, signal yield) 
include the theoretical cross section uncertainty due 
to scale and PDFs, the acceptance uncertainty due to 
PDFs, jet energy scale, jet energy resolution, lepton en- 
ergy scale, lepton energy resolution, lepton efficiency, b- 
tagging efficiency, event quality selection, and the uncer- 
tainty on the luminosity. In SRI, the total uncertainty 
on the irreducible background is 17%. This includes the 
uncertainty on the acceptance due to PDFs (14%), that 
on the theoretical cross section due to scale and PDFs 
(7%), and that from the limited number of simulated 
events (10%), while all the remaining uncertainties on 
the irreducible background in this signal region range 
between 0.5-5%. The total uncertainty on the reducible 
background is 29%. This includes an uncertainty on the 
object misidentification probability of 10-30% from the 
sources listed above. The uncertainty from the depen- 
dence of the misidentification probability on i?™"*" (0.4- 
17%) and the uncertainty on the fake scale factors (10- 
50%) are also included in the total, together with the 
uncertainty from the limited number of data events with 
three tagged leptons, of which at least one is a signal lep- 
ton. The total uncertainties on the signal cross-section 
range between 10-15%. These include uncertainties due 
to the renormalization and factorization scale, as, and 
PDFs. The maximum uncertainty obtained from either 
the CTEqe . 6 or the MSTW ^ PDF set is used. In SR2, the 
values of systematic uncertainties are similar to those ob- 
tained in SRI. The only exceptions are the uncertainty 
from the limited number of simulated events (4%) and 
the uncertainty on the reducible background (52%). In 
all of the above, the value used for the uncertainty on the 
luminosity is 3.7%. 

The numbers of observed events and the prediction for 
SM backgrounds in SRI and SR2 are reported in Ta- 
ble m The probability that the background fluctuates 
to the observed number of events or higher is calcu- 
lated in the frequentist approach and found to be 19% 
in SRI and 6% in SR2. The distributions of the 
in the two signal regions are presented in Fig. [T] The 
yield in SRI for one of the simplifled model scenarios 
(m~±,m^o,m^^,m^o =250, 250, 175, 100 GeV) is also 
shown for illustration purposes. 

No significant excess of events is found in either sig- 
nal region. Upper limits on the visible production cross- 
section of 9.9 fb in SRI and 23.8 fb in SR2 are placed 
at 95% confidence lev el ( CL) with the modified frequen- 
tist CLg prescription [53|. No corrections for the effects 
of experimental resolution, acceptance and efficiency are 
applied. All systematic uncertainties and their corre- 
lations are taken into account via nuisance parameters. 
The corresponding expected limits are 7.1 fb and 14.1 fb, 
respectively. In SR2, the observed limit on the visible 



4 



in the branching ratios of the X2 



TABLE I. Expected numbers of events from SM backgrounds 
(Bkg.) and observed numbers of events in data, for 2.06 fb~^, 
in control regions VRl and VR2, and in signal regions SRI 
and SR2. Both statistical and systematic uncertainties are 
included. 



Selection 



VRl 



VR2 



SRI 



SR2 



tiW'-*^ /Z'-*'' 1.4±1.1 0.7±0.6 0.4±0.3 2.7±2.1 
ZZ'-*^ 6.7±1.5 0.03±0.04 0.7±0.2 3.4±0.8 

WZ'-*'> 61±11 0.4±0.2 11±2 58±11 

Reducible Bkg. 56±35 14±9 14±4 7.5±3.9 
Total Bkg. 125±37 15±9 26±5 72±12 
Data 122 12 32 95 
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FIG. 1. E^^^^ distributions for events in signal regions SRI 
(left) and SR2 (right). The error band includes both statisti- 
cal and systematic uncertainty, while the errors on the data 
points are statistical only. The SUSY reference point used in 
SRI is described in the text. 



cross-section is less stringent than the expected limit be- 
cause of the upwards fluctuation in the number of events 
in data with respect to the expected background. SRI 
provides better sensitivity in the parameter space consid- 
ered and the limits are interpreted in simplified models 
and pMSSM scenarios with Mi= 100 GeV and tan/3 = 6 
(Fig. [5]). The chosen A/i value leads to a sizable mass 
splitting between xt ^^.d Xi ^-nd therefore to a large ac- 
ceptance. The value of tan/3 does not have a significant 
impact on a{pp -> xtx") x BR{xfx° Mxi), which 
varies by ~10% if tan/3 is raised to 10. 

In the simplified models, degenerate xf and X2 masses 
up to 300 GeV are excluded for large mass differences 
from the Xi- Care has to be taken when interpreting 
the simplified model limit in the context of a pMSSM 
scenario, where the mass of the sneutrino is lighter than 
the mass of the left-handed slepton, leading to higher 
lepton momenta from chargino decays and to a change 



> 

C5 



h ATLAS 

\ I d dt . 2.06 fb"', = 7 TeVj 
M,J100 GeV, tanp=>5 
Observed > 95% CL^ 

Expected 95% CL^ 

- - Expected ±1a 
- QLEP2 1= (103.5 GeV) 




-4 ^ , 
300 350 
1^1 [GeV] 



y 500 

a 450 
w 

a 400 
E 

l^r 350 
300 
250 
200 
150 
100 
50 




ATLAS 



Ldt = 2.06fb , \/s = 7TeV 




x; -> II IJ I U v) -> I V z J I (vv) it, 

m^- = m_o 

X, \ 

m7 = (m_o + m_o)/2 

H — Observed 95% CL, 

Expected 95% CL^ 

■ ■ - Expected +1o 
* Reference point 



350 400 450 500 

^ mass [GeV] 



FIG. 2. Observed and expected 95% CL limit contours for 
chargino and neutralino production in the pMSSM (upper) 
and simplified model (lower) scenarios. For the simplified 
models, the 95% CL upper limit on the production cross- 
section is also shown. Interpolation is used to account for the 
discreteness of the signal grids. 

In summary, results from the first ATLAS search for 
the weak production of charginos and neutralinos decay- 
ing to a final state with three leptons (electrons or muons) 
and missing transverse momentum are reported. The 
analysis is based on 2.06 fb~^ of proton-proton collision 
data delivered by the LHC at ^/s =7 TeV. No significant 
excess of events is found in data, where upwards fluctua- 
tions of less than 2-sigma are observed. The null result is 
interpreted in pMSSM and in simplified models. For the 
simplified models with intermediate sleptons considered 
in this paper, degenerate lightest chargino and next-to- 
lightest neutralino masses are excluded up to 300 GeV for 
mass differences to the lightest neutralino up to 300 GeV. 
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T. GoUingi'^^ A. Gomes^2''''■^ L.S. Gomez Fajardo''\ R. Gongalo^'', J. Goncalves Pinto Firmino Da Costa''\ 
L. Gonella^o, S. Gonzalez^^^^ g Gonzalez de la Hozi^^, G. Gonzalez Parra", M.L. Gonzalez Silva^^, 
S. Gonzalez-Scvilla'*'', J.J. Goodson^s, L. Goossens^^, P.A. Gorbounov^^, H.A. Gordon^^, I. Gorcloyio^^ 

G. Gorfinci^-\ B. Gorini^s, E. Gorini72a,72b^ Gorisek^^^ E. Gornicki^s, B. Gosdzik^^, A.T. Goshaw^, 

M. Gossclinklo^ M.I. Gostkin^^, I. Gough Eschrichisa, M. Gouighri^-'^s^, D. Gouidami^-'^s^ M.P. Goulette*^ 

A.G. Goussioui38, C. Goy4, S. Gozpinar22, I. Grabowska-Bold^^ P. Grafstrom^^ K-J. Grahn^i, F. Grancagnolo^^a^ 

S. Grancagnolol^ V. Grassii"**, V. Gratcheyi^i, N. Grau^^^ Gray^^, J.A. Gray^^s, E. Grazianii34a^ 

O.G. Grebenyuki2i, T. Greenshaw^'l Z.D. Greenwood^^^', K. Grcgcrsen^s, I.M. Gregor^i, P. Grenier"3^ 

J. Griffitlisi38, N. Grigalaslivili64, A.A. Grillo"^, S. Grinstcin", Y.V. Grishkevich^^ J.-F. Grivaz"^^ E. Gross^^^ 

J. Grosse-Knetter^"^ j_ Qroth-Jenseni^^ K. Grybeli"*!, D. Gucsti^^^ q_ Guicheney^^, A. Guida^2a,72b^ Guindon^^, 

H. Guler^S'", J. Gunther^^s^ B. Guo^'^s, J. Guo^^, V.N. Gushchini^s, R Gutierrez"!, N. Guttnian^s^^ 
O. Gutzwillcri^3^ C. Guyot"6^ C. Gwcnlan"^ C.B. Gwilliam^^^ A. Haas"-\ S. Haas^f, C. Haber^^, 

H.K. Hadavand^s, D.R. Hadley^^ P. Hacfncr^^, F. Hahn^s, S. Haidcr^^, Z. Hajduk-''^ H. Hakobyan^^^, D. Hall^^s, 
J. Haller54, K. Hamacheri^s^ P. Hamal"^^ M. Hamcr-"^*, A. Hamilton"5>^^°, S. Hamiltoni^i, L. Han32b, 
K. Hanagaki"^ K. Hanawai^", M. Hancci'', C. Handcl^\ P. Hankc'^^^, J.R. Hanscn^^, J.B. Hanscn'■'^ 
J.D. Hanscn'''\ P.H. Hanscn'''\ P. Hansson"-'^ K. Hara"'", G.A. Harci-''^ T. Harcnbcrgi^^ S. Harkusha^^, 

D. Harpcr^^, R.D. Harrington4^ O.M. Harrises, K. Harrison^^ J. Hartcrt^^^^ p Hartjesi"'\ T. Haruyama^^ 

A. Harvcy'^^ S. Hascgawai"i, Y. Hascgawa"". S. Hassanii-^^ S. Haugi^ M. Hauschild^^, R, Hauscr*^^ 

M. Havranck^", CM. Hawkes^^ R.J. Hawkings^^, A.D. Hawkins^^ D. Hawkinsi*^'-\ T. Hayakawa^'f', T. Hayashii^'O, 
D. Haydcn^^ H.S. Hayward^^^ S.J. Haywood^^s, M. Re^^'^, S.J. Head^^, V. Hedberg^^ L. HoeW, S. Hcim^s^ 

B. Heinemann", S. Heisterkamp^^, L. Helary*, C. Hcllcr^^, M. Hcllcr^^, S. Hcllman"6a,i46b^ y) Hcllmich^o, 

C. Helsens", R.C.W. Henderson'^i , M. Henke^^'', A. Henrichs'"^'* , A.M. Hcnriques Corrcia^^, S. Honrot-Vcrsille"^^ 

F. Henry-Couannier^^, C. Hensel^'', T. Henj3^^^, C.M. Hernandez^, Y. Hernandez Jinicnez^^^, R. Herrberg^^, 

G. Herten4^ R. Hertenberger9^ L. Hcrvas^s, G.G. Hesketh^^ N.P. Hesseyi^s, E. Higon-Rodriguezi^^^ j.C. HiU^^, 
K.H. Hillcr^i, S. Hillcrt^o, S.J. HiUieri^ I. Hinchliffei", E. Hines^^o^ M. Hirose"^^ p. Hirsch42, D. Hirschbuehli^^^ 
J. Hobbs"^ N. Hodl'■^^ M.C. Hodgkinson"9, p. Hodgson"9, A. Hoecker^^, M.R. Hoeferkampio^^ J. Hoffmanns, 

D. Hoffmann83, M. Hohlfeld^i, M. Holderi^i, S.O. Holmgren ^^Sa^ x. Holy^^^, J.L. Holzbauer^s, T.M. Hong^^o^ 
L. Hooft van Huysduynenio^, C. Horn"^, S. Horner^^^ J-Y. Hostachy^s, S. Rou^^\ A. Hoummada^^sa^ 

J. Howarth^^ I. Hristova l^ J. Hrivnac"^ I. Hruska^^s^ T. Hryn'ova*, P.J. Hsu^i, S.-C. Hsu^^, Z. Hubaceki27, 

F. Hubaut^s, F. Huegging^o, A. Huettmann^i, T.B. Huffman"^, E.W. Hughes^", G. Hughes^i, M. Huhtinen^^, 

M. Hurwitz", U. Husemann^i, N. Huseynov^'^-f, J. Huston^^, J. Huth", G. lacobucci'^^ G. lakovidis^ 

M. Ibbotson*^^, I. Ibragimov-'^'*-'^ , L. Iconomidou-Fayard^^"'', J. Idarraga^^"", P. Iengo^°^^, O. Igonkina^*^^, Y. Ikegami®^, 

M. Ikeno'5^ D. Iliadisi^^, N. Ilicl5^ M. Imorii^s, x. Ince^o, J. Inigo-Golfin^s, P. Ioannou^ M. lodicei^^a, 

K. lordanidou^, V. Ippolitoi32a,i32b^ ^ jrles Quiles^^^, C. Isakssoni^e, A. Isllikawa6^ M. Ishino^^ 
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R. Ishmukhametov^^, C. Issever"^, S. Istin^^^, A.V. Ivashin^^s^ -y^ Iwanski^^, H. Iwasaki^'^, J.M. Izcn^^, 

V. Izzoi°2a^ ^ Jacksoni20, J.N. Jackson^^^ P. Jackson"^^ m.R. Jaekel^^, V. Jain^o, K. Jakobs''^, S. Jakobscn■''^ 

J. Jakubeki27, D.K. Jana^ii, E. Jansen^^ H. Jansen^s, A. Jantsch^s, M. Janus4^ G. Jarlskog^^, L. Jeanty", 

I. Jen-La Planted", P. Jcnni^^, A. Jcrcmie", P. Jez^s, S. Jezequel*, M.K. Jhal9^ H. Ji^^s, W. Ji^i, J. Jia"8, 

Y. Jiang^^*^, M. Jimenez Belenguer''^ S. Jin^^'^, O. Jinnouchi^^'^, M.D. Joergensen^^, D. Joffe^^, L.G. Johansen^^, 

M. Johanseni46a,i46b^ E Johansson^^a^ p Johansson"9, S. Johnert*\ K.A. Johns^ K. Jon-And^^*^'*'!^*^'', 

G. Jones"^ R.W.L. Jones^\ T.J. Jones^^^ C. Jorani^^, P.M. Jorge^^^"", K.D. Joshi^^ J. Jovicevic"7, T. Jovini^b, 
X. Jui^3^ C.A. Jung42, R.M. Jungst^s, V. Juranek^^s, R Jussel^^i, A. Juste Rozas", S. Kabanal^ M. Kaci^'^^, 

A. Kaczmarska^*, P. Kadlecik^s, M. Kado"^ H. Kagan^o^, M. Kagan^^, E. Kajomovitzi^^ S. Kalinini^s^ 

L.V. Kalinovskaya6^ S. Kama^^, N. Kanaya^ss, M. Kaneda^^, S. Kaneti^^ T. Kanno^s^ V.A. Kantserov3^ 

J. Kanzaki^s, B. Kaplan^^^^ a. Kapliy^o, J. Kaplon^^, D. Kar^^, M. Karagounis^o, M. Karnevskiy^\ 

V. Kartvelishvili^S A.N. Karyukhin^^s, L. Kashif^^^^ G. Kasieczka^^^^ ^i.B. Kass^o^^ A. Kastanas^^, M. Kataoka^, 

Y. Kataokal5^ E. Katsoufis^, J. Katzy^S V. Kaushik*^, K. Kawagoe*^^ T. Kawanlotol5^ G. Kawamura8\ 

M.S. Kayli°5, V.A. Kazanin^o^ M.Y. Kazarinov^^, R. Keeler^^s, R. Kehoe^^, M. Keil^-*, G.D. Kckclidze^"^ 

J.S. Kelleri38, J. Kennedy''^, M. Kenyon^a, 0. Kepka^^s^ Kerschen^^, B.P. Kersevan^^, S. Kcrstcnl^^ 

K. Kessokul5^ J. Keungl5^ F. Khalil-zadai°, H. Khandanyan^^^^ A. Khanov"^^ D. Kharchenko*^"*, A. Khodinov'"', 

A. Khomich^s^, T.J. Khoo^^, G. Khoriauli^o, A. Khoroshilov"^^ V. Khovanskiy9^ E. Khramov'^'', J. Khubua^^'', 

H. Kim"6a,i46b^ M g Kjjjj2^ g jj Kimi^o, N. Kimura^^S O. Kindl^ B.T. King^^ M. King^^, R.S.B. King"^ 

J. Kirki29, A.E. Kiryunin^s, T. Kishimoto^^ D. Kisielewska^^, T. Kittelmann^^a, A.M. Kiver^^s, E. Kladiva^^^'', 

M. Klein^3^ u_ Klein^^^ Kleinknecht^i, M. KlcmcttiS^ A. Klier^^^ P. Klimek^^^'^^b^ a. Klimentov^'', 

R. Klingenberg*2, J.A. Klinger^^^ E.B. Klinkby^^, T. Klioutchnikova^^, P.P. Klok^^^, S. Klousl°^ E.-E. Klugc'^*'^, 

T. Kluge^s^ P. Kluit^os^ S. Kluth^^, N.S. Knechtl5^ E. Kneringer^i, E.B.F.G. Knoops^s, A. Knue^"^ g ^^a^ 

T. Kobayashiiss, m. KobeF^ ^ Kocian"3, p. Kodys^^e, K. K6neke2^ A.C. Konigi04, g. Koenig^i, L. Kopke^^, 

F. Koetsveld^o^, P. Koevesarki^o, T. KofFas^^, E. Koffemanlo^ L.A. Kogan^i^, S. Kohlmann"^ F. Kohn^^, 

Z. Kohouti27, T. Kohriki^s, T. Koi^^^, G.M. Kolacheyio^ H. Kolanoskii^, V. Kolesnikov^^, I. KoletsouS^^, J. KoU^s, 

M. KoUefrath^s, A.A. Komar^^, Y. Komorii^s, R. Kondo^^^ T. Kono"*!'*, A.I. Kononov'*^ R. Konoplichios.'^, 

N. Konstantinidis^^ A. Kootzi^^^ S. Koperny^^ K. Korcyps, K. Kordasl5^ A. Korn"^, A. Korolio^ I. Korolkov", 

E.V. Korolkovai39, V.A. Korotkoyi^s, O. Kortner^^, S. Kortner^s, V.V. Kostyukhin^o, S. Kotov^^, V.M. Kotov'^^, 

A. Kotwal'^'*, C. Kourkoumelis^, V. Kouskourai^"*, A. Koutsmani^^a^ Kowalewskii^^^ T.Z. Kowalski^^, 

W. Kozaneckii36, A.S. Kozhini^s, v. Kral^^^, v.A. Kramarenko^^, G. Kranlberger''^ M.W. Krasny^'^, 

A. Krasznahorkay^°*, J. Kraus^*, J.K. Kraus^°, F. Krejci-^^'^, J. Kretzschmar'''^, N. Krieger^"', P. Krieger^^^, 

K. Krocninger54, H. Kroha^^, J. Kroll^^o, J. Kroscberg^", J. Rrstic^^a^ u. Kruchonak^^, H. Krtiger^o, T. Kruker^^, 

N. Krumnack^s, Z.V. Krumshtcyn^^, A. Knith^o, T. Kubota*^ S. Kuday^^, S. Kuchn^s, A. KugepS'^, T. Kuhl^^, 

D. Kuhn^i, V. Kukhtin64, Y. Kulchitsky^", S. Kulcshov^i^^ C. Kummcr^s, M. Kuna^*, J. Kunklci^o^ A. Kupco^^s, 
H. Kurashige^e, M. Kuratai^o^ Y.A. Kurochkin^o, V. Kus^^s, E.S. Kuwcrtz^^^^ M. Kuze^", J. Kvita^^s^ R. Kwee^^, 

A. La Rosa^s, L. La Rotonda^e^^seb^ l Labarga^", J. Labbe^, S. Lablak^^Sa^ c. Lacasta^^^, F. Lacavai32a,i32b^ 
H. Lackcri-l D. Lacour^^, V.R. Lacucstai^^. E. Ladygin^"', R. Lafayc^, B. Laforgc^^, T. Lagouri*^°, S. Lai''^ 

E. Laisnc''"'', M. Lamanna^^^ l. Lambournc^^, C.L. Lampcn^', W. Lanipl^', E. Lancon^'^^', U. Landgraf"**, 

M.P.J. Landon^'\ J.L. Lane^^^ C. Langc^i, A.J. Lankfordi^s^ p. Lanni^^, K. Lantzsch"^^ S. Laplacc^«, C. Lapoire^o, 
J.F. Laportci-^^ T. Lari^^^a^ ^ Larncr"^, M. Lassnig^^, R Lain-clli''^ V. Lavorini^^^-^'^'', W. Lavrijsen", 
P. Laycock^-\ O. Lc Dortz■^^ E. Lc Guirricc®-\ C. Lc Mancr^''^^ E. Lc Mcnodcui\ T. LcComptc'\ 

F. Lodroit-GuillonSS^ H. Lee^o^^ J.S.H. hee^^'^, S.C. Lee^^i, L. Lco^^^ M. Lefebvrei^f, M. Logcndre^^e^ 

B. C. LcGcyti20^ p_ Legger^s, C. Leggett^^, M. Lehmacher^", G. Lchmann Miotto^^, X. Lci^, M.A.L. Leite^^d^ 
R. Leitner^^®, D. Lellouch^'^^ , B. Lemmer'^'^, V. Lendermann^®'', K.J.C. Lcncy^**^'', T. Lenz^"'^, G. Lenzen^'''^, 

B. Lenzi^s, K. Leonhardt^s, S. Leontsinis^, F. Lepold'^^a^ Leroy^^^ J-R. Lessard^^^ C.G. Lester^^, G.M. Lester^^o, 

J. Leveque", D. Levin^"^, L.J. Levinsoni^^ A. Lewis"^ G.H. Lewislo^ A.M. Leyko^", M. Lcytonl^ B. Li^^^ 

H. Li"3,s^ g Li32b,t^ X. LF, Z. Liangii*^", H. Liao^^, B. Libcrtii^^'^, P. Lichard^^, M. Lichtncckcr^s, K. Lie^^s^ 

W. Liebigi^^ (J Limbach^o, A. LimosaniSe, M. Limper62, S.C. Lini^i-", F. Lindei"'\ J.T. Linncmann^s, 

E. Lipelesi20, A. Lipniacka^^, T.M. Lissl6^ D. Lissauer^*, A. Listeria, A.M. Litke"^, c. Liu^^, D. Liui^i, H. Liu^^, 

J.B. Liu^^ M. Liu32b^ Y. Liu32b^ ^ Livanii'''*'"^^, S.S.A. Livermore"^ A. Lleres^^, J. Llorente Merino^o, 

S.L. Lloyd^^ E. Lobodzinska'*\ P. Loch^, W.S. Lockmani^^^ T. Loddenkocttcr^", F.K. Locbingcr*^^ A. Loginov^'^'', 

G. W. Lohi68, T. Lohsel^ K. Lohwasser^s, M. Lokajiceki^s, y.P. Lombardo", R.E. Long^i, L. Lopes^^'^'', 

D. Lopez Mateos^'^, J. Lorenz^^ N. Lorenzo Martinez"^, M. Losadal'^^ P. Loscutoff", F. Lo Sterzoi32a,i32b^ 
M.J. Lostyi59a^ X. Lou''°, A. Lounis"^ K.F. Loureiroi^^^ J. Love^i, P.A. Love^^, A.J. Lowei^s.^^ p. Lu^^^^, 

H. J. Lubatti^s, G. Lucii32a,i32b^ a. Lucotte^^, A. Ludwig^^^ D. Ludwig*\ L Ludwig^^^ J. Ludwig^^, P. Luehring^o, 
G. Luijckx^os, W. Lukas6\ D. Lumb^«, L. Luminarii32a^ e. Lund"^, B. Lund-Jensen^^^, B. Lundberg^^, 
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J. Lundbcrg"6a,i46b^ J Lundquist^s, M. Lungwitz^i, D. Lynn^*, J. Lys", E. Lytkcn^^, H. Ma^^, L.L. Ma^^^^ 
J. A. Macana Goia^^, G. Maccarrone'^'^, A. Macchiolo^'^, B. Macek^"*, J. Machado Miguens^^*'', R. Mackeprang^^, 
R.J. Madaras", W.F. Mader^s, R. Maenner^^c^ ^ Maeno^^, R Mattigi^\ S. Mattig^^, L. Magnoni^s, 

E. Magradzc54, K. Alahboubi^s , S. Mahmoud^^^ G. Mahout^^, C. Maianii32aa32b^ c. Maidantchik23^ A. Maioi24a,ft^ 
S. Majewski24, Y. Makida^^^^ N. Makovec"^ P. Mal"6, B. Malaescu2^ Pa. Malecki^s, P. Malecki^s, V.P. Maleev^^^, 

F. Malek5^ U. Mallik^^, D. Malon^ C. Malone^^^^ g Maltezos^, V. Malyshev^^^, S. Malyukov^^, R. Mameghani^^, 
J. Mamuzic^^b^ A. Manabc'^^ L. Mandclli^^'^, I. Mandic'^", R. Mandrysch^'^, J. Maneirai24a^ p g_ Mangcard^^, 

L. Manhaes dc Andrade Filho^^^, A. Mann^'', P.M. Manning""^, A. Manousakis-Katsikakis^, B. Mansoulie^^^, 

A. Mapelli29, L. Mapelli^'', L. March J.F. Marchand^^, F. Marchese^^^'^'i^^^, G. Marchiori^«, M. Marcisovskyi^s, 
CP. Marino^6^ F. Marroquim^^^, Z. MarshalP^, F.K. Martcns^^^ S. Marti-Garcia^'^^, B. Martin^", B. Martin^^, 
J.P. Martin^^, T.A. Martin", V.J. Martin-^^, B. Martin dit Latour'''\ S. Martin-Haugh"^ , M. Martinez", 

V. Martinez Outschoorn^'^, A.C. Martyniuk""'', M. Marx*^^ p Marzano"^'', A. Marzin"\ L. Masetti^\ 

T. Mashimol■■^^ R. Mashinistov^'', J. Masik82, A.L. Maslennikovio"^, I. Massa^^'^'i'''', G. Massarol°^ N. Massol'^, 

P. Mastrandrea^-'^^^^i-''^'", A. Mastroberardino^^'^'^^'", T. Masubuchi"^, P. Matricon"^, H. Matsunaga^^^, 

T. Matsushita^s^ C. Mattravers"^'^ J. Maurer*^, S.J. Maxfield^^, A. Mayne^'^'', R. Mazinii"^!, M. Mazur^", 

L. Mazzaferroi33a,i33b^ Mazzanti89% S.P. Mc Kec^^, A. McCarni^s, R.L. McCarthy^^s, T.G. McCarthy's, 

N.A. McCubbin"^, K.W. McFarlane^^ J.A. Mcfayden^s, H. McGlone^^^ G. Mchedhdze^i^^ T. Mclaughlan", 

S.J. McMahon"", R.A. McPhersoni^^'^ A. Meade^^, J. Mechnichlo^ M. Mechtel"^ M. Medinnis^\ 

R. Mccra-Lcbbai"\ T. Meguro"*^, S. Mehlhase^^, A. Mehta'^^^ Meier^*''-, B. Mcirosc'^^, C. Melachrinos'''", 

B. R. MeUado Garcia"^, f. Meloni^S'^.ss'^, L. Mendoza Navas^'^', Z. Meng"l'^ A. Mengarelli^^'^'i^'', S. Menke^^ 
E. Meoni", K.M. Mercurio^^ P. Mermod'*^ L. Merola^^'^'^o''', C. Meroni^^^, F.S. Merritt^^, H. Merritt^^^, 

A. Messina'S''", J. Metcalfe^o^, A.S. Mete^^^ C. Meyer^i, C. Meyer^o, J-P. Meyeri^^^ J. Meyer"^^ j. Meyer^^, 
T.G. Meyer's, W.T. Meyer^s, J. Miao^'^, S. Michai2^ L. Micu'^'^, R.P. Middleton"9, S. Migas^^^ L. Mijovic*\ 

G. Mikenberg"2, M. Mikestikova"^, M. Mikuz"^*, D.W. Miller^o, R.J. Miller^*, W.J. Mills^^^^ G. Mills^^, 

A. Milov"2, D.A. Milsteadi46a446b^ Milstein"^ A.A. Minaenkoi's, M. Miiiano Moya^^^^ LA. Minashvili^*, 

A.I. Mincer^os, B. Mindur^^, M. Mineev'^^, Y. Ming"^^ L.M. Mir", G. Mirabein"2a^ j_ Mitrevski^^^, 

V.A. Mitsou^^^, S. Mitsui<^^ P.S. Miyagawa^^a, K. Miyazaki^^, J.U. Mjornmark^^, T. Moa"^'''"'^^, P. Mockett^^*, 

S. Moed57, V. MoeUer27, K. Monig^i, N. Moser^", S. Mohapatra"8, W. Mohr^^, R. Moles- Vahs^^^ 

J. Mohna-Perez^s, J. Monk^^, E. Monnier^s, S. Montesano^^'^'SS'", F. Monticelh™, S. Monzanii^'^'is'', R.W. Moore^, 

G. F. Moorhead^^, G. Mora Herrera-^^, A. Moraes^^^ ^ Morange^^e, J. Morel^^, G. Morello^^a.seb^ Moreno^i, 
M. Moreno Llaceri*^?^ p_ Morettini^"*^, M. Morgenstern^^^ y[_ Morii'^'^, J. Morin''^, A.K. Morley^^, G. Mornacchi^^, 
J.D. Morris■^^ L. Morvaji"i, H.G. Moscr^^, M. Mosidze^i'^, J. Moss^^s, R. Mounti'^-\ E. Mountricha^'^, 

S.V. Mouraviev^-*, E.J.W. MoyscS^, F. MueUer^S'^, J. Muelleri23^ K. Mueller^o, T.A. Miiller^^, T. Muellcr^i, 

D. Muenstermann^s, Y. Munwes"^^ W.J. Murray^^s, I. Musschci"-\ E. Mustoi°2a,i02b^ ^_q_ Myagkov"^ 

M. Myska"^ J. Nadal", K. Nagai^^o, K. Nagano^^, A. Nagarkar^o^ Y. Nagasaka''^^ M. Nagel9^ A.M. Nairz^^, 

Y. Nakahama^s, K. Nakamural^^ T. Nakamurai^^^ I. Nakano"", G. Nanava^", A. Napier^^i, R. Narayan^*'', 

M. Nash^^'^ T. Nattcrmann^", T. Naumann^i, G. Navarroi^^^ H.A. Ncal*^, P.Yu. Ncchacva^''. T.J. Nccp^^^ 

A. Ncgri"9'^'"9^, G. Ncgri^s, S. Nektarijcvic^", A. Nclson"'-\ T.K. Nclsoni^s^ S. Ncniccck"'\ P. Ncmcthyio^^ 

A.A. Nepomuccno23>\ M. Ncssi^^.y, M.S. Ncubaueri*^''\ A. Ncusicdl^i, R.M. Nevcsi°*, P. Nevski^^, p.R. Newman", 

V. Nguyen Thi Hongi^e, R.B. Nickerson"*, R. Nicolaidoui^e. L. Nicolasi^o. B. Nicqncvcrt^^ F. Niedercorn"^ 

J. Nielseni37^ N. Nikiforou-'^, A. Nikiforovi'\ V. Nikolaenko"^, I. Nikolic- Audit K. Nikolics^^, K. Nikolopoulos^^, 

H. Nilsen''*, P. Nilsson^, Y. Ninorniya A. Nisati^32a^ rj, p^ighiyama'^s, R. Nisius*^^, L. Nodulman^ 

M. Nomachi"^, I. Noniidis""*, M. Nordbcrg^^, P.R. Norton"^ J. Novakova"^^ m. Nozaki^^, L. Nozka"^, 

I. M. Nugent^'"'^'", A.-E. Nuncio-Quiroz^", G. Nunes Hanninger^^, T. Nunnemann^^, E. Nurse^"^, B.J. O'Brien'^^ 
S.W. O'Neale"^*, D.C. O'Neil"^ V. O'Shea^^^ L.B. Oakes^^, E.G. Oakham^S''^ H. Oberlack^^ J. Ocariz'^s^ 

A. Ochi^^ S. Odai55^ S. Odaka'^s^ J. Odier^s, H. Ogren^", A. Oh^^, S.H. Oh", C.C. 01nn"6a,i46b^ rp Qhshimai"!, 

S. Okada'^e^ jj. Okawai'^s, Y. Okuniurai"\ T. Okuyamai-^'\ A. Olariu^s^, A.G. Olchevski*^'^, S.A. Ohvares Pino^i^, 

M. Ohveira"'^^^'^, D. Ohveira Daniazio^", E. Oliver Garciai^'^ D. Olivito"", A. Olszewski^*, J. Olszowska^^, 

A. Onofrei24a,^, p.u.E. Onyisi^", G.J. Oram"9% M.J. Oregha^o, Y. Oren^^^ D. Orestano"4a,i34b^ jg. Orlando^2a,72b^ 

I. Orlovi°^, G. Oropeza Barrera^^^ R.S. Orr"^^ B. Osculati^^'^'^o'', R. Ospanoyi^o, G. Osuna", G. Otero y Garzon^^, 
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